Electrophoretic studies of genetic variation in 14 species of terrestrial slugs of the families Arionidae, Philomycidae, and Limacidae in the eastern United States indicate that self-fertilization, either facultative or obligatory, is the normal breeding system in six of the species. Three of these six species are single monogenic strains; one consists of three monogenic strains; one includes a highly heterozygous form and two monogenic strains; and one has a moderate amount of systems (17, 35) and ecological polymorphism, which involves the fundamental problem of the relationships between environmental heterogeneity and the quantity and organization of genetic diversity in populations (36) (37) (38) (39) .
disequilibrium. Eight species are outcrossers, being highly polymorphic and panmitftic within local populations. Niche breadth, assessed in terms of extent of geographic distribution and variety of habitats oceuipied and measured on an experimental plot of woodland; is greater in some monogenic strains than in highly heterozygous, outcrossing species. Colonizing success apparently is independent of the amount of genetic variation carried by a species.
It is common knowledge that self-fertilization (automixis) is the normal breeding system of many. hermaphroditic plants in a large number of taxa, and there is convincing evidence that self-fertilization in plants has evolved as a complex ecogenetic adaptation in response to various physical and biotic environmental factors (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . In contrast, it is widely believed that hermaphroditic animals either cannot self-fertilize or do so only as an auxiliary mode of reproduction when opportunities for outcrossing (amphimixis) are unavailable (16) (17) (18) (19) . This notion persists despite continuing reports of direct and circumstantial evidence of regularly occurring self-fertilization in various animals (refs. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] and refs. cited in refs. 30 and 31) . The application, in our laboratory, of electrophoretic techniques to the study of polymorphism in genes encoding enzymes has shown that many taxonomic species of terrestrial molluscs consist of one or more invariant strains that are known or presumed to be maintained by self-fertilization. The first example to be worked out in detail was the pulmonate land snail Rumina decollata (32) (33) (34) .
Here we report that many species of terrestrial slugs of several families, including some of the more ubiquitous and familiar forms, are monogenic or nearly so, apparently as a consequence of frequent or obligatory self-fertilization. With regard to breeding systems, genetic structure of populations, and patterns of speciation, these hermaphroditic animals are closely similar to self-compatible plants. Our findings have implications for current theoretical work on the evolution of breeding systems (17, 35) and ecological polymorphism, which involves the fundamental problem of the relationships between environmental heterogeneity and the quantity and organization of genetic diversity in populations (36) (37) (38) (39) .
MATERIALS AND METHODS
Collections. Specimens were collected in forests, woodlots, old fields, greenhouses, and roadside dumps. Most samples were taken from areas smaller than 10 M2. In all, 2812 specimens from 80 populations were subjected to electrophoresis.
Electrophoresis. Frozen animals were chopped into small pieces, and the pieces were soaked for 20 min in cold buffer (1:1, vol/vol). The mixture was centrifuged at 50,000 X g for 30 min at 4°C to produce a clear supernatant, which was stored at -70°C until analyzed by electrophoresis. Starch gel electrophoresis and biochemical staining of enzymes were carried out by the methods of Selander et al. (40) . From 9 to 20 enzyme loci were studied in each species.
Statistics. Observed heterozygosity per individual in a sample (Ho) was determined by direct count, and mean observed heterozygosity for a strain or species (Ho) was obtained by averaging values for all samples. Expected heterozygosity per individual in a sample (He) was calculated from allele frequencies, with correction for small sample size (41) , and averaged over all loci assayed. Coefficients of deviation of observed (ho,) from expected (he) numbers of heterozygotes at each locus were calculated as D = (ho -he)/he, weighted by expected numbers, and summed over all loci examined in a sample to obtain mean heterozygote deviation (D). Mean In contrast to these highly variable forms, several other species listed in Table 1 showed no detectable heterozygosity, despite our extensive surveys of both individuals and loci. Within two of these taxa, we detected two (A. subfuscus, form 4) and three (A. intermedius) distinctive monogenic strains. This pattern of population structure, involving an absence or low level of heterozygosity and the distribution of existing variation largely among monogenic strains, has been described in the snail R. decollata (34) , in other hermaphroditic animals (29, 54) , and in many species of plants (5, 13) . It is the expected result of frequent self-fertilization and the consequent decay of heterozygosity. fasciatus, A. circumscriptus, and A. silvaticus (members of the "A. fasciatus complex"), which are morphologically similar and until recently were classified as one species (51, 52, 56, 57) , are genetically more dissimilar (I = 0.65; range, 0.62-0.69) than are the strains of either A. intermedius or A. subfuscus. Although we have identified only one strain of each of these species, we suspect that others exist; and, in this regard, we note that a distinctive color form of A. circumscriptus has been reported (51, 52) .
Of all the species, the most complex pattern of variation is seen in the limacid Deroceras laeve. Many loci were polymorphic in populations of this species, but observed levels of heterozygosity invariably were much lower than expected on the basis of random mating, as indicated by the large overall heterozygote deficiency (6 = -0.902). There is other evidence that D. laeve is capable of both outcrossing and self-fertilization. Copulation has been observed and a spermatheca has been described by some authors (56, 57) ; others have maintained populations in the laboratory through 12 or more generations without outcrossing (26 (58) . All populations of the species of the A. fasciatus complex that we sampled were monogenic, but inasmuch as both copulation and a spermatophore have been described for at least one species of the complex (57), we suspect that outcrossing can occur. The breeding systems of species of the A. fasciatus complex have not been studied experimentally, but A. intermedius is capable of reproducing when reared in isolation in the laboratory (52) . A. cineroniger is also able to reproduce uniparentally (59). Lanza and Quattrini (60) demonstrated uniparental reproduction in laboratory strains of Vaginulus borellianus (family Veronicellidae) and noted that copulation rarely occurs in this species. All philomycids that we examined were amphimictic, but Ikeda (21) demonstrated, by use of a genetic marker, that P. bilineatus frequently reproduces by self-fertilization, even after copulation. Individuals of Milax gagates isolated at hatching can reproduce (27) ; and both D. agrestes and D. meridionale show genital polymorphism similar to that in D. laeve and have been maintained in the laboratory by uniparental reproduction over many generations (26) .
In the absence of extensive experimentation using marker loci, we cannot exclude the possibility that reproduction in some individuals or monogenic strains involves parthenogenesis rather than, or in addition to, self-fertilization. This is unlikely, however, because parthenogenesis is rare in molluscs in general and unknown in pulmonates (31, 61) . Moreover, only a special homozygosity-enforcing type (18, 62) could account for the monogenic character of populations. DISCUSSION Self-fertilization in plants is generally regarded not only as an adaptation ensuring reproduction when population densities of the plants themselves or their pollinators are very low but also as a mechanism for assembling adaptive genomes and protecting them from dissolution by recombination. It has been argued that the optimal genotype for colonizing individuals or those that encounter widely fluctuating environments should be broadly adaptive ("general purpose"), with great phenotypic plasticity (4, 6, 37, 63) , whereas adaptations to specific microniches should develop in more stable situations (19, 64) . There is some empirical evidence that self-fertilization in plants helps to fashion and to preserve both types of genomes (5-7, 10, 14) . A likely disadvantage of self-fertilization is that all individuals become homozygous, and populations consisting of one monogenic strain may be unsuccessful in complex, stable habitats where rapid adaptive response to a diversity of recombining, coevolving competitors, predators, parasites, and pathogens is required (6, 8, 34, 65) . However, this condition may be alleviated to the extent that genetic variation is retained in different monogenic strains and periodically reshuffled by outcrossing. Most of the numerous and often conflicting hypotheses that attempt to relate genetic heterozygosity to habitat diversity in animals do not consider selection on the breeding system (38, 39 ), but we propose that theories developed from work on plants apply with equal force to hermaphroditic animals.
With the exceptions of D. laeve and Philomycus spp., all species of slugs that we have studied have colonized North America after introduction by man (51) (52) (53) 56) . Among these, an outcrossing species, D. reticulatum, is the most numerous and widespread (51) (52) (53) , but extensive collection records by Chichester and Getz (51, 53) and our own field experience in the eastern United States indicate that this species is common in only a limited range of disturbed habitats, including horticultural areas (old fields, gardens, greenhouses). Although much less abundant, the outcrossers Limax maximus and Lehmannia valentiana are also restricted to disturbed habitats. The same collection records and our experience indicate that A. fasciatus is the most widely distributed automictic species, and that it occurs more frequently in relatively undisturbed habitat types (forests, woodlots) than does D. reticulatum. Among the introduced species, A. subfuscus (the self-fertilizing and outcrossing forms were not distinguished) and A. intermedius are found most frequently in relatively undisturbed habitats (51, 53) . A. hortensis, which is amphimictic and unusually polymorphic, is the least abundant arionid we have studied and is largely restricted to disturbed habitats. In sum, although no unequivocal pattern emerges from these observations, it appears that the homozygous, self-fertilizing species actually occupy a wider range of habitats and have more successfully invaded natural areas than have the heterozygous, outcrossing species.
Attempts to correlate colonizing success with breeding system and level of genetic heterogeneity in slugs have been hampered because (i) many of the strains we have discovered are not Proc. Natl. Acad. Sci. USA 77 (1980) distinguished in the literature on geographic and ecological distribution, (ii) other, as yet undetected, stains undoubtedly occur within some taxa, and (iii) we have no information on when and how often various strains and species were introduced. We have at least partially circumvented these problems in a study of the ecological distributions of seven species of slugs on a plot of woodland near Ithaca, NY (unpublished observations). A total of 1695 individuals was collected, and the niche breadth of each species was estimated by the method of Colwell and Futuyma (66) from data on 88 physical, chemical, and floristic environmental parameters that previously had been measured (67) . Three species (in rank order) that are monogenic had relatively broad niches: A. fasciatus, A. circumecriptus, and A. subfuscus ( Much further work on both native and introduced species of slugs will be required (i) to determine whether self-fertilization is more often a characteristic of colonizing species than of those confined to relatively undisturbed, natural habitats, and (ii) to understand spatial and temporal variation in breeding systems in terms of the environmental and genetic factors responsible for it. The problem of the evolution of sex and the adaptive significance of various breeding systems is under intensive study by evolutionary biologists (35) , and we propose that research on molluscs and other hermaphroditic aninals can make significant contributions to an understanding of the relative advantages of close inbreeding and outcrossing.
It has recently been found (unpublished data) that Ariolimax columbianus, a terrestrial slug endemic to the Pacific coastal region of North America, consists of several monogenic strains, between which there is locally some outcrossing. This finding supports the hypothesis that self-fertilization in slugs is not exclusively, or even primarily, an adaptation for colonization. 
